In vitro mapping studies of the MD145 norovirus (Caliciviridae) ORF1 polyprotein identified two stable cleavage products containing the viral RNA-dependent RNA polymerase (RdRp) domains: ProPol (a precursor comprised of both the proteinase and polymerase) and Pol (the mature polymerase). The goal of this study was to identify the active form (or forms) of the norovirus polymerase. The recombinant ProPol (expressed as Pro ؊ Pol with an inactivated proteinase domain to prevent autocleavage) and recombinant Pol were purified after synthesis in bacteria and shown to be active RdRp enzymes. In addition, the mutant His-E1189A-ProPol protein (with active proteinase but with the natural ProPol cleavage site blocked) was active as an RdRp, confirming that the norovirus ProPol precursor could possess two enzymatic activities simultaneously. The effects of several UTP analogs on the RdRp activity of the norovirus and feline calicivirus Pro ؊ Pol enzymes were compared and found to be similar. Our data suggest that the norovirus ProPol is a bifunctional enzyme during virus replication. The availability of this recombinant ProPol enzyme might prove useful in the development of antiviral drugs for control of the noroviruses associated with acute gastroenteritis.
In vitro mapping studies of the MD145 norovirus (Caliciviridae) ORF1 polyprotein identified two stable cleavage products containing the viral RNA-dependent RNA polymerase (RdRp) domains: ProPol (a precursor comprised of both the proteinase and polymerase) and Pol (the mature polymerase). The goal of this study was to identify the active form (or forms) of the norovirus polymerase. The recombinant ProPol (expressed as Pro ؊ Pol with an inactivated proteinase domain to prevent autocleavage) and recombinant Pol were purified after synthesis in bacteria and shown to be active RdRp enzymes. In addition, the mutant His-E1189A-ProPol protein (with active proteinase but with the natural ProPol cleavage site blocked) was active as an RdRp, confirming that the norovirus ProPol precursor could possess two enzymatic activities simultaneously. The effects of several UTP analogs on the RdRp activity of the norovirus and feline calicivirus Pro ؊ Pol enzymes were compared and found to be similar. Our data suggest that the norovirus ProPol is a bifunctional enzyme during virus replication. The availability of this recombinant ProPol enzyme might prove useful in the development of antiviral drugs for control of the noroviruses associated with acute gastroenteritis.
Viruses in the genus
Norovirus of the family Caliciviridae are important etiologic agents of acute gastroenteritis (12) . A recent study estimates that as many as 23 million cases of norovirus-related illness occur in the United States each year (28) . Noroviruses are often associated with outbreaks in settings that include hospitals, nursing homes, cruise ships, schools, and military operations (9) . Studies also have suggested a significant role for these viruses as agents of pediatric gastrointestinal disease (31, 34) .
Development of control strategies for the noroviruses has been hampered by the unavailability of permissive cell culture systems. However, recent advances in the understanding of norovirus biology and replication have been facilitated by the availability of recombinant proteins expressed from cloned viral genes (15) . The approximately 7.6-kb polyadenylated positive-sense RNA genome of norovirus is organized into three open reading frames (ORFs) (16, 21) . The first ORF (ORF1) encodes a 200-kDa polyprotein that is processed by the viral 3C-like (3CL) proteinase to release both precursors and cleavage end products (2, 13, 22, 23, 40) . The second ORF (ORF2) encodes the major structural protein, VP1 (15) , and the third ORF (ORF3) encodes the minor structural protein, VP2 (8) . Proteolytic cleavage maps of the ORF1 polyprotein have been determined in in vitro studies for strains representing the two major genetic groups of the noroviruses that are associated with human disease, genogroup I (GI) and genogroup II (GII) (2, 3, 13, 23, 40) . The proposed gene order for the norovirus ORF1 polyprotein is N-terminal protein (Nterm), NTPase, p22 (GI) or p20 (GII), VPg, proteinase (Pro), and polymerase (Pol) (2, 22, 23, 40) .
The calicivirus RNA-dependent RNA polymerase (RdRp) is related to the picornavirus-like enzymes in supergroup I, represented by the picornavirus 3D polymerase (3D pol ) (20) . The proteinase-polymerase (ProPol) protein of Feline calicivirus (FCV), a member of the genus Vesivirus in the Caliciviridae, was the predominant form of the RdRp observed in FCVinfected cells (44) , and bacterially synthesized FCV ProPol possessed the enzymatic properties of an RdRp (46) . The 58-kDa "3D-like" (3DL) polymerase of Rabbit hemorrhagic disease virus (RHDV), a member of the genus Lagovirus in the Caliciviridae, was also enzymatically active as an RdRp when produced in bacteria (25) . The RHDV Pol structure has been resolved to 2.5-Å resolution and has a "right-hand" conformation that is characteristic of other RdRps of positive-strand RNA viruses (32) . Both the FCV ProPol and RHDV Pol were able to synthesize RNA from a heteropolymeric template in the absence of added primer, likely by using a hairpin structure at the 3Ј end of the RNA template for priming (25, 46) . However, comparison of the reported activities of the recombinant FCV and RHDV polymerases indicates that the FCV ProPol was more active than RHDV Pol (46) .
In vitro studies of the norovirus ORF1 polyprotein identified both a ProPol precursor protein of 76 kDa and a cleaved 57-kDa form of Pol (2, 40) . The fully processed Pol form of the norovirus RdRp was recently expressed as an active enzyme in bacteria, and the three-dimensional structure of the enzyme was reported to exhibit possible unique features, such as the presence of the C-terminal region within the catalytic activesite cleft (33) . In this study, we demonstrate that the ProPol precursor of the GII MD145-12 norovirus strain is an active RdRp, suggesting that the norovirus ProPol is a functional form of the RdRp during norovirus replication. The utilization of a bifunctional enzyme with both proteinase and polymerase activity may be a conserved theme in calicivirus replication.
MATERIALS AND METHODS
Viruses and materials. Norovirus strain MD145-12 (Hu/NV/MD145-12/1987/ US) was obtained from a Maryland nursing home resident with gastroenteritis (11) , and the sequence of the viral genome was assigned GenBank accession no. AY032605. The FCV Urbana strain (Fe/VV/FCV/Urbana/1968/US) was characterized previously (42) . The recombinant FCV Pro M -Pol and poliovirus 3D pol proteins used in this study were reported previously (10, 46) . Oligonucleotide primers were purchased from Invitrogen (Carlsbad, Calif.). The nucleotide analogs (compound A, 5-iodo-UTP; compound B, pseudo-UTP; compound C, 5-methyl-UTP; compound D, 2-thio-UTP; compound E, 6-aza-UTP) were from Trilink BioTechnologies (San Diego, Calif.). The nucleoside analogs 5-iodouridine (compound A), pseudouridine (compound B), 5-methyluridine (compound C), and 2-thiouridine (compound D) were from Berry and Associates (Dexter, Mich.). Ribavirin and 6-azauridine (compound E) were from Sigma (St. Louis, Mo.) and Trilink BioTechnologies, respectively. Incorporation experiments were performed with [␣-32 P]UTP (400 Ci/mmol) (Amersham, Piscataway, N.J.). Plasmids and mutagenesis. The plasmids used in this study are summarized in Fig. 1 . The constructs pET-Pro, pET-Pro Ϫ Pol, and His-E1189A/ProPol were previously described (2) . The plasmid cORF1 (2) was used as template for generation of the MD145 pET constructs in this study. Plasmids were maintained and selected in Escherichia coli XL1-Blue or DH5␣ (Invitrogen) in the presence of 30 g of kanamycin/ml. All constructs were verified by sequence analysis.
The plasmid construction pET-Pol was engineered with the pET-28b vector (Novagen, Madison, Wis.). The fragment corresponding to the 3DL Pol coding sequence was amplified by PCR with the forward primer 5Ј-CATGCCatgGGC CATCATCATCATCATCATGGCGGTGACAGTAAGGGAACCTAC-3Ј, which included a NcoI site (underlined), a start codon (lowercase), and a His tagencoding sequence (boldface), and the reverse primer 5Ј-AAGGAAAAAAGC GGCCGCTCACTCGACGCCATCTTCATTCAC-3Ј (the NotI site is underlined) used for the cloning of ProPol into pET-28b (Novagen) (2) .
Inactivation of the polymerase domain, encoded by pET-Pol, was performed by site-directed mutagenesis (QuikChange kit; Stratagene, La Jolla, Calif.) of the glycine residue of the YGDD motif to a valine at position 1530 with primer 5Ј-CTCCTTTTATGTCGATGATGAAATTG-3Ј (nucleotide substitution is underlined) and its reverse and complementary primer. The resulting plasmid was designated pET-Pol Ϫ . Inactivation of the proteinase encoded by the plasmid pET-Pro was performed by site-directed mutagenesis, with primer C1147A as reported previously (2) . The selected construct was designated pET-Pro Ϫ . The plasmid pSUMO-Pol was engineered using the pSUMO vector (LifeSensors, Malvern, Pa.). The polymerase coding sequence was amplified by PCR with the forward primer 5Ј-AAGGAAAAAACGTCTCAAGGTGGCGGTGACAG TAAGGGAACCTAC-3Ј, which included a BsmBI site (underlined), and the reverse primer 5Ј-AAGGAAAAAAGCGGCCGCTCACTCGACGCCATCTT CATTCAC-3Ј (the NotI site is underlined), with pET-Pol as the template. The fragment was digested with BsmBI and NotI and ligated into the BsaI and NotI sites of the pSUMO plasmid. The final plasmid (pSUMO-Pol) contained the MD145 Pol coding region fused at its N terminus to a His-tagged SUMO sequence (Fig. 1) . A cleavage site for the ubiquitin-like SUMO-specific protease 1 (Ulp1) was present at the carboxyl terminus of the SUMO peptide, so that cleavage with the proteinase Ulp1 would release the precise N terminus of Pol.
Protein synthesis and purification. Plasmids pET-Pro Ϫ Pol, pET-His-E1189A/ ProPol, pET-Pol, pET-Pol Ϫ , and pET-Pro Ϫ were used to transform E. coli BL21(DE3) cells (Novagen). The experimental protocol for the protein expression was previously described (2) . After elution of the protein of interest with buffer containing 10% glycerol, 10 mM ␤-mercaptoethanol (BME), 300 mM NaCl, 50 mM NaH 2 PO 4 (pH 8.0), and either 60 mM imidazole (His-Pro Ϫ Pol, His-E1189A/ProPol, His-Pol, and His-Pol Ϫ ) or 250 mM imidazole (His-Pro Ϫ ), the recombinant proteins were dialyzed overnight at 4°C against buffer containing 150 mM KCl, 2 mM dithiothreitol (DTT), and 50 mM Tris (pH 8.0) with either 10% (His-Pro Ϫ Pol, His-Pol, His-Pol Ϫ , and His-Pro Ϫ ) or 20% (His-E1189A/ProPol) glycerol. For each protein, the quantity was estimated by the Bradford method (4) by using a protein standard and Coomassie blue reagents from Pierce (Rockford, Ill.). The His-E1189A/ProPol was aliquoted, frozen on dry ice, and stored at Ϫ80°C. Recombinant His-Pro Ϫ Pol, His-Pol, His-Pol Ϫ , and His-Pro Ϫ were further purified on a 10-to 300-kDa size-exclusion column mounted on a Biologic Workstation (all from Bio-Rad Laboratories, Hercules, Calif.). One milligram of protein in 0.3 to 1 ml of buffer containing 10% glycerol, 150 mM KCl, 2 mM DTT, and 50 mM Tris (pH 8.0) was loaded onto the column at a flow rate of 0.5 ml/min. The first 5 ml of the flowthrough was discarded, and the rest was collected into 0.3-ml fractions. During the fraction collection, the presence of protein was monitored by UV absorbance at 280 nm. The purity of each protein fraction was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the RdRp activity was assayed as described below. The fractions showing the highest RdRp activity and purest protein profiles in SDS-PAGE were pooled and dialyzed overnight at 4°C against 20% glycerol-150 mM KCl or 100 mM KCl-2 mM DTT-50 mM Tris (pH 8.0). The samples were then aliquoted and stored at Ϫ80°C.
BL21(DE3) cells transformed with pSUMO-Pol were grown at 37°C in 4 liters of NZCYM medium (Fisher, Pittsburgh, Pa.) containing 25 g of kanamycin/ml until the optical density at 600 nm reached 0.6. The bacteria were then cooled to 25°C prior to induction with IPTG (isopropyl-␤-D-thiogalactopyranoside; 500 M) and grown for an additional 4 h. The cells were pelleted, washed once with 200 ml of 10 mM Tris (pH 8.0)-1 mM EDTA, and pelleted again. The supernatant was removed, and the bacterial pellet was frozen and stored at Ϫ70°C. Approximately 20 g of frozen cells was thawed and suspended in lysis buffer containing 100 mM potassium phosphate (pH 8.0), 0.5 mM EDTA, 20% glycerol, 1 mM BME, 1.4 g of pepstatin A/ml, and 1.0 g of leupeptin/ml (5 ml/g of cell paste). The cells were resuspended and lysed with a French press, followed by the addition of phenylmethylsulfonyl fluoride and NP-40 to a final concentration of 1 mM and 0.1%, respectively. The cell lysate was centrifuged at 100,000 ϫ g for 30 min at 4°C prior to loading onto a 5-ml nickel-nitrilotriacetic acid (Ni-NTA)-agarose column at a 1-ml/min flow rate. The column was washed once with 20 ml of buffer A (50 mM Tris [pH 8.0], 20% glycerol, 1 mM BME, 500 mM NaCl, and 0.1% NP-40) and 10 ml of buffer A containing 5 mM imidazole. The His-tagged SUMO-Pol fusion protein (His-SUMO-Pol) was eluted with buffer A containing 500 mM imidazole. The His-SUMO-Pol was dialyzed against buffer A containing 50 mM NaCl and was loaded onto a 5-ml phosphocellulose column at a flow rate of 1 ml/min. The phosphocellulose column was washed to baseline with buffer A containing 50 mM NaCl, and His-SUMO-Pol was eluted with buffer A containing 200 mM NaCl. The His-SUMO-Pol was diluted fourfold with buffer A to a 50 mM NaCl final concentration and loaded onto a 1-ml Q-Sepharose column at a flow rate of 1 ml/min. The Q-Sepharose column was washed to baseline with buffer A containing 50 mM NaCl, and His-SUMO-Pol was eluted with buffer A containing 400 mM NaCl.
Five units of His-tagged Ulp1 (10 g) (Life Sensors, Inc.) was incubated with 500 g of His-SUMO-Pol in a final volume of 100 l at 4°C for 5 h in buffer A containing 200 mM NaCl. The reaction mixture was passed over a Ni-NTA-agarose column to retain the His-tagged SUMO peptide and Ulp1 proteinase. The purified recombinant Pol (rPol) was collected in the flowthrough, the protein concentration was determined, and the protein was frozen and stored at Ϫ80°C. RdRp assays. The RdRp activity assay was performed as described by Sankar and Porter with some modifications (39) . The reaction was carried out in a 15-l mixture containing 20 g of poly(rA) (Roche, Indianapolis, Ind.)/ml, 10 M poly(rU) 15 
32 P]UTP (400 Ci/mmol), 10 or 100 M UTP, 50 mM HEPES buffer (pH 7.4), 3 mM MgCl 2 or as otherwise indicated, 10 mM DTT, 60 M ZnCl 2 , 200 g of rifampin/ml, and 1 M MD145-12 His-Pro Ϫ Pol, His-Pol, or rPol. Temperature, incubation times, salt concentrations, and amounts of the recombinant proteins and nucleotides are detailed in the figure legends. Each incorporation assay was stopped by addition of 0.5 M EDTA to a final concentration of 83 mM. Six microliters of the reaction mixture was spotted on a DE81 membrane (Whatman, Clifton, N.J.). Once dried, the disks were washed three times in 5% dibasic sodium phosphate for 10 min at room temperature. The membranes were then rinsed in absolute ethanol, and the bound radiolabeled polynucleotide was counted in liquid scintillation fluid (ICN, Costa Mesa, Calif.).
Template switching activity was examined in an RdRp assay mixture containing 4.3 M MD145 His-Pro Ϫ Pol, 5 mM MgCl 2 , 10 M poly(dT) 15 -poly(rA) 30 , and 0.67 M [␣-
32 P]UTP (40 Ci/mmol) (NEN). Reaction mixtures were initiated by the addition of enzyme and incubated for 3 min at 30°C. The reaction mixtures were then diluted 10-fold by addition of heparin (10 M) and UTP (500 M) with or without acceptor templates (100 M) of poly(rA) 30 or poly(dA) 30 . The reaction was allowed to proceed for 0.5, 1, 2, 3, 5, or 10 min, at which point the reaction was stopped by the addition of EDTA to a final concentration of 50 mM. Products were resolved in a 1ϫ Tris-borate-EDTA-10% polyacrylamide gel and visualized with a PhosphorImager (Molecular Dynamics).
The transcriptase activity was examined using a natural RNA as template. In these experiments, the MluI-linearized plasmid pGLT7 was employed for synthesis of the RNA template, by using a Ribomax kit (Promega) as previously described (46) . The resulting product was an 830-nucleotide (nt)-long RNA transcript, and a control RNA marker was synthesized by including [␣- 32 Ci of ␣-32 P-labeled UTP, 20 g of rifampin/ml, 40 U of RNasin (Roche), 1 M recombinant enzyme, and 1 g of RNA template. The reaction mixture was incubated for 1 h at 30°C. RNA was extracted with the RNAeasy kit (Qiagen) and precipitated with ethanol. The samples were then denatured in glyoxal-dimethyl sulfoxide buffer (Ambion, Inc., Austin, Tex.) for 40 min at 65°C and analyzed in a 1% agarose gel (Ambion; Northern Max-Gly kit) that was dried and exposed to X-Omat AR film (Kodak, Rochester, N.Y.). Products from the elongation assay were incubated with RNase T 1 (Ambion) at 2 U/l for 30 min at 37°C, followed by purification and analysis in a 1% agarose gel as described above.
Inhibition assays. The norovirus His-Pro
Ϫ Pol (1 M) was incubated for 20 min at 30°C in a poly(A)-dependent UMP incorporation assay that included 100 M UTP, 5 Ci of [␣-
32 P]UTP (400 Ci/mmol), 3 mM MgCl 2 , and increasing concentrations (1, 5, 50, 100, and 200 M) of UTP analogs. The UMP incorporation was measured as described above and compared to a control assay without nucleotide analog. For the virus growth inhibition experiments, CRFK cells were preincubated for 1 h at 37°C, in the presence of 2 mM nucleoside analogs or ribavirin in virus growth medium (VM) consisting of Eagle's minimum essential medium supplemented with 10% heat-inactivated fetal bovine serum, amphotericin B (2.5 g/ml), chlortetracycline (25 g/ml), penicillin (250 U/ml), and streptomycin (250 g/ml). The cells were washed, inoculated with FCV at a multiplicity of infection of 2, and incubated for 1 h at 37°C in VM containing 2 
RESULTS

Synthesis and purification of norovirus proteins. The recombinant norovirus proteins Pro
Ϫ Pol, A1189A/ProPol, Pol, Pol Ϫ , and Pro Ϫ (all containing an engineered His 6 tail) were synthesized in E. coli BL21(DE3) cells following IPTG induction. Following addition of the soluble material to a Ni-NTA column, the bound recombinant protein was eluted and immediately dialyzed prior to size exclusion chromatography (SEC) (His-Pro Ϫ Pol, His-Pol, His-Pol Ϫ , and His-Pro Ϫ ) or storage (His-E1189A/ProPol). Analysis of all final purified recombinant proteins by SDS-PAGE was performed to determine their purity (over 90%) as shown for His-Pro Ϫ Pol and His-Pol (Fig. 2A) . One milligram of the Ni-NTA enriched material was further purified by SEC, and 1 l of each collected fraction was assayed for activity by using poly(A) as a homopolymeric template in an RdRp activity assay in the presence of rifampin, a potent inhibitor of bacterial DNA-dependent RNA polymerase. For His-Pro Ϫ Pol, the polymerase activity was detected in fractions 8 through 15 with maximal activity in fraction 10 (Fig.  2B ). Fractions 8 through 11 were pooled, concentrated in an Amicon spin column (Millipore), dialyzed against 150 mM KCl buffer, and stored at Ϫ80°C. The same procedure (SEC and RdRp assay) was also used for the purification of His-Pol (data not shown). For His-Pro Ϫ Pol and His-Pol, no RdRp activity was detected in the absence of template poly(A) or MgCl 2 in the reaction (data not shown). These experiments indicated that MD145-12 His-Pro Ϫ Pol and His-Pol were functional
RdRp enzymes, whereas no activity was detected for His-Pol Ϫ and His-Pro Ϫ (data not shown).
RdRp activities of norovirus His-Pro
؊ Pol, His-Pol, and rPol. ProPol and Pol are active forms of the FCV and RHDV polymerases, respectively (25, 46) . We previously proposed that the norovirus polymerase may exist in at least two forms, Pol and ProPol (2) . In this study, the preliminary data suggested that both forms of the polymerase (Pol and ProPol) were enzymatically active. Experiments were performed to compare the polymerase activities of His-Pro Ϫ Pol and His-Pol (Fig. 3) . His-Pro Ϫ Pol and His-Pol from three different preparations were analyzed concurrently under the same conditions. The His-Pro Ϫ Pol was consistently at least 3 (1 min) to 36 (25 min) times more active than His-Pol (Fig. 3) . Calculation of the UMP incorporation rate by His-Pro Ϫ Pol at any given time point showed that the average rate was 2.4 Ϯ 0.71 pmol/min. In contrast, the incorporation rates for Pol decreased rapidly over time (from 0.26 pmol/min at 1 min to 0.13 pmol/min at 30 min), with almost no activity detected after 5 min of incubation at 30°C. To examine whether the presence of the His tag at the amino terminus of His-Pol impaired its RdRp activity, the MD145 Pol was expressed and purified in a system (SUMO) Fig. 2A, lane 10) , was assayed under the same conditions as His-Pol and His-Pro Ϫ Pol. The incorporation rate of rPol varied from 6.1 Ϯ 1.8 pmol/min (1 through 10 min) to 2.35 Ϯ 0.63 pmol/min (15 through 30 min), with the latter incorporation rate comparable to that of HisPro Ϫ Pol. These data indicate that the presence of six histidine residues at the N terminus of Pol has an inhibitory effect on its RdRp activity.
Parameters affecting the RdRp activity of the His-Pro ؊ Pol. The effects of several parameters on the activity of the newly identified ProPol form of the norovirus RdRp were evaluated. The amount of incorporated UMP correlated with the quantity of His-Pro Ϫ Pol in the reaction (Fig. 4A) , and the enzyme performed optimally at 30°C (Fig. 4B) . The effect of NaCl on the RdRp activity of His-Pro Ϫ Pol was analyzed in the presence of increasing concentrations of salt from 0 to 50 mM. The His-Pro Ϫ Pol activity decreased in a dose-dependent manner with a 50% reduction of the RdRp activity in the presence of 6.5 mM NaCl (Fig. 4C) . In comparison, 30 mM NaCl was needed to cause a 50% reduction of the RdRp activity for FCV rPro M -Pol (46) . The effect of various divalent cations and salts on the activity of His-Pro Ϫ Pol was examined ( Fig. 4D ; Table  1 ). Magnesium was optimal in an acetate form [Mg (CH 3 COO) 2 ], and no RdRp activity was detected with CaCl 2 or KCl (Fig. 4D) . It was previously shown for the RHDV polymerase that magnesium could be replaced by manganese (26) . We tested the RdRp activity of His-Pro Ϫ Pol in the presence of MgCl 2 or MnCl 2 (0.1 to 40 mM) ( Table 1 Elongation activity of the norovirus ProPol enzyme with a heteropolymeric template. It was previously shown that FCV ProPol and RHDV Pol could synthesize RNA from an RNA heteropolymeric template (25, 26, 46) . We used an 830-nt RNA transcript (46) to examine whether the norovirus HisPro Ϫ Pol shared this property (Fig. 5 ). An RNA transcript of over 1,600 nt in length was observed for His-Pol, His-Pro Ϫ Pol (in the presence of MgCl 2 ), His-E1189A-ProPol, and FCV Pro M -Pol (Fig. 5, lanes 1, 3, 5 , and 6, respectively). Treatment of the 1,600-nt products with RNase T 1 resulted in the appearance of a template-length RNA of 830 nt (data not shown), consistent with previous studies showing the presence of a double-stranded molecule comprised of the template linked to the newly synthesized RNA by an RNA loop at the 3Ј end of the template (25, 46) . The amount of RNA synthesized was similar for norovirus His-Pro Ϫ Pol and His-E1189A-ProPol (Fig. 5, lanes 3 and 5) and lower for norovirus His-Pol (Fig. 5,  lane 1) . No product was observed with His-Pro Ϫ Pol in the absence of MgCl 2 (Fig. 5, lane 4) . In addition, no RNA product was synthesized by the genetically inactivated His-Pol Ϫ (Fig. 5,  lane 2) . We had previously reported that the ProPol precursor (His-E1189A-ProPol) examined in this experiment was an active proteinase (2) . From our previous report and this study, our data indicate that the norovirus ProPol precursor protein is a bifunctional enzyme.
Template switching activity of the norovirus ProPol. The ability of the norovirus ProPol to undergo template switching during RNA synthesis was examined as described previously for other RdRps (1, 5, 18 ). The norovirus His-Pro Ϫ Pol enzyme was preincubated for 3 min with preannealed poly(dT) 15 poly(rA) 30 complexes and a limiting amount of [␣-
32 P]UTP to allow the formation of initiation complexes prior to the addition of heparin (to bind free His-Pro Ϫ Pol molecules) and excess UTP (1). In the presence or absence of acceptor templates (rA 30 or dA 30 ), products ranging from 15 to 60 nt were detected, consistent with those expected by polymerization from the original preannealed primer (dT 15 ) and template (rA 30 ) (Fig. 6) . Over time, products larger than 150 nt accumulated, indicating that template switching had occurred. The template switching was most efficient in the presence of rA 30 acceptor molecules, with the detection of a 200-nt product at 30 s after the addition of acceptor (Fig. 6, lane 10) . The efficiency of the template switching was reduced significantly in the absence of acceptor (Fig. 6, lanes 1 through 8) or the presence of dA 30 molecules (Fig. 6, lanes 17 through 24) , as evidenced by the appearance of larger products at later time points. The presence of larger products in the absence of acceptor was likely due to template switching events on the original template occurring during the 3-min labeling period.
Effect of various UTP analogs on norovirus polymerase activity. The effect of commercially available UTP analogs on the activity of the norovirus and FCV ProPol enzymes was tested (Fig. 7 ) in order to examine whether the calicivirus in vitro polymerase assays showed potential for drug screening applications. Five nucleoside triphosphates modified at base position 2, 5, or 6 were assayed at increasing concentrations (1 to 200 M) in the presence of 100 M UTP. For norovirus His-Pro Ϫ Pol, compounds A, B, C, and E at a final concentration of 200 M resulted in norovirus polymerase activities that were 61, 51, 73, and 88% of the incorporation values of the untreated control, respectively. For FCV Pro M -Pol, compounds A, B, and C at a 200 M concentration resulted in FCV polymerase activities that were 80, 33, and 72% of the values obtained for the untreated control, respectively. Compound E at 200 M did not affect the incorporation activity of the FCV Pro M -Pol, and the inhibitory effect of compound B was greater for the FCV polymerase at a 50 or 100 M concentration, compared to the norovirus Pro Ϫ Pol. Under these conditions, compound D was the most efficient molecule for inhibiting both the norovirus Pro Ϫ Pol and FCV Pro M -Pol, resulting in activities that were 26 and 21% of the values obtained for the untreated controls, respectively.
The effect of base analogs on the replication of FCV in cell culture was examined (Fig. 8) . The FCV Urbana strain typically grows to titers of approximately 10 8 to 10 9 PFU/ml and exhibits a rapid cytopathic effect in cell culture. Cells were preincubated for 1 h with the nucleoside form of each compound assayed above (2 mM final concentration) and then infected with FCV. After 7 h of incubation in the presence of each nucleoside, the resulting virus titer was determined. The nucleosides 2-thiouridine (compound D) and 6-azauridine (compound E) were the most efficient in inhibiting FCV NOROVIRUS PROTEINASE-POLYMERASE AND POLYMERASE 2399 growth (4.9 ϫ 10 5 and 2 ϫ 10 7 PFU/ml, respectively). For pseudouridine (compound B), the virus titer was decreased by 1 log (10 8 PFU/ml), and virus titers observed for nucleosides 5-iodouridine (compound A) (1.89 ϫ 10 9 PFU/ml) and 5-methyluridine (compound C) (1.4 ϫ 10 9 PFU/ml) were similar to that of FCV without treatment. Only one compound, 2-thiouridine (compound D), showed a consistent ability to inhibit both the growth of FCV in cell culture and the in vitro enzymatic activity of the recombinant FCV and norovirus ProPol enzymes. Because ribavirin is a nucleoside analog that has been used in clinical settings for the treatment of viral disease, we tested its effect on the growth of FCV. The ribavirin caused only a minimal decrease in titer to 2 ϫ 10 8 PFU/ml, even at a high concentration of 2 mM. By measuring cell viability in the presence of each base analog (2 mM), no significant cytotoxicity was observed in mock-infected CRFK cells (data not shown).
DISCUSSION
Norovirus-associated gastroenteritis is usually mild and selflimiting, but it can be incapacitating for a period ranging from several hours to days (12 30 , and [␣-32 P]UTP (0.67 M), followed by incubation at 30°C for 3 min. Heparin, an excess of UTP, and either no acceptor template, rA 30 acceptor template (100 M), or dA 30 acceptor template (100 M) were then added to the reactions and incubated at 30°C. Reactions were quenched at the times (in minutes) indicated above the gel by addition of EDTA. Products were resolved by electrophoresis on a denaturing 10% polyacrylamide gel, and signals were detected using a phosphorimager. The sizes corresponding to the length of the acceptor template and primer are indicated by arrows. Larger products consistent with synthesis by template switching are indicated by an asterisk. Sizes (in nucleotides) of the DNA marker are shown on the left. studies have established an association between norovirus-related illness and admission to the hospital for treatment of gastroenteritis (27, 29) . No vaccines or antiviral drugs are currently available, but an effective control strategy might have a significant impact on the overall disease burden. It is possible that study of calicivirus replication could facilitate the development of such strategies. In this work, we report the identification of two active forms of the norovirus polymerase: the ProPol precursor and the fully processed Pol. Further characterization of MD145 His-Pro Ϫ Pol showed that this enzyme has properties similar to those reported for FCV ProPol and RHDV Pol (25, 26, 46) . From this study and our previous identification of norovirus ProPol as an active proteinase (2, 41), we propose that the norovirus ProPol is important in replication as a bifunctional enzyme with both proteinase and polymerase activities.
Noroviruses, like other caliciviruses, show genetic relatedness to the picornavirus-like positive-strand RNA viruses (20) . Furthermore, the nonstructural polyprotein proteolytic processing strategy generates both precursors and products, increasing the capacity of the virus to produce several different forms of replicative enzymes with various functions (38) . The picornavirus 3CD precursor (analogous to the calicivirus ProPol) is present in virus-infected cells and has been associated with multiple functions in replication (17, 35, 48) . However, cleavage must ultimately occur within 3CD to release the NOROVIRUS PROTEINASE-POLYMERASE AND POLYMERASE 2401 mature 3C proteinase and 3D polymerase; 3D pol is the only known active form of the picornavirus RdRp (38) . A similar processing of the polymerase region was observed for members of the genera Lagovirus and Norovirus, in which a conserved dipeptide cleavage site between the Pro and Pol domains is recognized and cleaved by the proteinase (2, 19, 30, 47) . However, the release of the fully processed Pol is not an absolute requirement for certain caliciviruses such as FCV (genus Vesivirus) in which the FCV ProPol precursor is the major form of both the RdRp and proteinase detected in infected cells (44) . Although proteolytic processing was observed when the FCV ProPol precursor was overproduced in bacteria, these Pro-mediated cleavages were later shown to be nonessential for virus replication (43, 44) . In this first direct comparison of the enzymatic activities of norovirus Pol and ProPol, we found that the ProPol precursor of norovirus strain MD145, like that of FCV (46), is active. The utilization of ProPol may be a shared feature among caliciviruses, regardless of the proteolytic processing strategy used by the virus during the RNA replication. It will be important to determine in future studies whether the two active forms of the norovirus polymerase identified in this study (Pol and ProPol) have different roles in replication.
An interesting observation in our study was that the presence of a histidine tag at the N terminus of the fully processed norovirus polymerase had a profound inhibitory effect on its RdRp activity. Previous studies of the RHDV and human norovirus enzymes reported the presence of two extra amino acids or a second amino acid substitution, respectively, at the N terminus of their purified recombinant products (25, 33) . These enzymes, similar to the norovirus His-Pol in our study, showed activity in in vitro assays. However, it is likely that calicivirus Pol proteins may be more active when expressed as recombinant proteins with the precise N terminus as shown for poliovirus 3D (10) .
The recombinant norovirus polymerase was examined for its ability to synthesize RNA from a heteropolymeric nonviral template. The two forms of norovirus RdRp could initiate synthesis from a single-stranded RNA template in the absence of an added primer. The size of the synthesized product was twice the size of the template, suggesting that a copy-back type of mechanism occurred in vitro to initiate synthesis as suggested for the recombinant RHDV and FCV RdRps (26, 46) . The FCV ProPol was previously shown to be less active (10-fold) than polio 3D pol , and this was attributed to a lower efficiency in template switching by the FCV ProPol (46) . The ability of the norovirus ProPol to undergo template switching suggests that recombination between RNA molecules could occur during norovirus RNA replication by using this mechanism. The availability of an active norovirus enzyme might facilitate the development of in vitro replication systems to study template switching events and other potential mechanisms for creating the observed genetic diversity among norovirus strains associated with epidemic gastroenteritis (14, 24) .
The use of antiviral drugs is an alternative control strategy for some viruses in the absence of effective vaccines (7) . We investigated whether the use of the FCV cell culture system might give insight into the identification of potential inhibitors of calicivirus replication. First, we compared several UTP analogs for their effects on the in vitro activity of the recombinant norovirus and FCV ProPol enzymes. The biochemical inhibitory profiles were similar for the two enzymes, with the compound 2-thio-UTP as the most potent inhibitor for both polymerases. The similarities in the inhibitory effects of these compounds on the FCV and norovirus ProPol enzymes suggest that the catalytic sites of these RdRps may share a similar structure, but this will require additional study. To support the results obtained using the in vitro assay, we tested the nucleoside form of each compound on the growth of FCV in cell culture. We identified one compound (2-thiouridine) that showed an ability to inhibit both the growth of FCV and the activity of recombinant ProPol enzymes in vitro. For the other compounds, there was no absolute correlation between the efficacy of the nucleotides and that of the nucleosides. The capacity for the nucleosides to be transformed into nucleoside triphosphates by the cellular machinery might explain, in part, the different inhibitory effects observed between in vitro and in vivo assays (45) . Early studies reported some inhibitory effect of ribavirin on the growth of FCV (strain 255) in cell culture (37) but little therapeutic benefit in the treatment of FCV disease in cats (36) . Our data evaluating the effect of ribavirin on the growth of the FCV strain Urbana in cell culture were consistent with these studies, in which the reduction of virus titer was low (0.7 log) when FCV was examined at a high multiplicity of infection. Ribavirin, which is a potent inhibitor of poliovirus replication in cell culture (6) and useful for the treatment of certain viral diseases (7), may not be an effective anticalicivirus drug. However, its efficacy for norovirus infection will require direct evaluation when replication or cell culture systems become available.
The evaluation of antiviral drugs is hampered by the lack of a norovirus cell culture system or replicon, but this study suggests that the combined data obtained from in vitro calicivirus polymerase assays and cell culture testing with FCV may provide an initiating platform for drug screening. The ability to treat or prevent acute norovirus illness should prove useful in lowering the burden from this common, and sometimes severe, disease.
